Personalized medicine promises customized diagnosis and individualized therapies based on an individual's genotype. This requires application of an increasing number of complex and expensive diagnostic analyses. Unfortunately, there are few standards or decision support mechanisms to assist physicians in test selection and interpretation. This often results in excessive and unnecessary testing 1-4 that compounds the complexity of patient care, lowers quality of care, and increases health care costs in a system increasingly conscious of efficiency and value. [5] [6] [7] Evidence-based clinical decision support systems have improved practitioner performance and decision making. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Thus, to address the challenge of testing complexity, a team of practicing physicians, pathologists, and biomedical informaticians (the diagnostic management team or DMT) developed an approach to optimize complex diagnostic testing. The goals included development of evidence-based standards for ancillary testing, integration and interpretation of test results, implementation of the strategy into clinical work process through electronic medical records, and evaluation of the impact of changes.
Personalized medicine promises customized diagnosis and individualized therapies based on an individual's genotype. This requires application of an increasing number of complex and expensive diagnostic analyses. Unfortunately, there are few standards or decision support mechanisms to assist physicians in test selection and interpretation. This often results in excessive and unnecessary testing [1] [2] [3] [4] that compounds the complexity of patient care, lowers quality of care, and increases health care costs in a system increasingly conscious of efficiency and value. [5] [6] [7] Evidence-based clinical decision support systems have improved practitioner performance and decision making. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Thus, to address the challenge of testing complexity, a team of practicing physicians, pathologists, and biomedical informaticians (the diagnostic management team or DMT) developed an approach to optimize complex diagnostic testing. The goals included development of evidence-based standards for ancillary testing, integration and interpretation of test results, implementation of the strategy into clinical work process through electronic medical records, and evaluation of the impact of changes.
Neoplastic hematology is at the forefront of personalized medicine. The classification and treatment of hematolymphoid malignancies are based on underlying genetic abnormalities 18 and emerging targeted therapies for leukemia and lymphoma requiring tumor genetic testing. 19, 20 Thus, the initial DMT effort focused on diagnosis, classification, monitoring, and interpretation of results for patients with hematologic malignancies. We demonstrate that the approach was effective in reducing the total number of ordered cytogenetic and molecular tests, decreasing the omission of recommended tests, and cutting the cost of laboratory testing to payers while achieving acceptance among ordering providers. Although this work highlights the impact on hematologic malignancies, potential application of this approach is broad and could include a wide range of clinical scenarios.
Materials and Methods

The DMT
The DMT is a collaboration among experts from three groups: pathologists representing hematopathology, immunopathology, cytogenetics, and molecular diagnostic laboratories; hematologists and hematology nurse practitioners; and biomedical informaticians. These individuals jointly analyzed current practices and developed new processes and guidelines for complex testing.
Development and Implementation of Standard Ordering Protocols
DMT members designed standard ordering protocols (SOPs) that define sets of recommended cytogenetic and molecular tests to be ordered on bone marrow specimens for patients with certain hematologic malignancies in particular clinical scenarios. SOPs were primarily based on published evidence and clinical guidelines. If there were no relevant evidence or guidelines, SOPs followed mutually agreed on best clinical practices based on these principles: tests were ordered at initial diagnosis if useful for diagnosis or subclassification, monitoring response to therapy, or prognostication; tests were ordered for follow-up biopsy specimens if positive at diagnosis and sensitive for residual disease detection; and where multiple modalities existed for the same abnormality, the most sensitive test was used. An example SOP (for acute myeloid leukemia and myelodysplastic syndrome [AML/ MDS]) is shown in ❚Table 1❚.
SOPs were developed for acute lymphoblastic lymphoma, AML/MDS, bone marrow failure (BMF) and cytopenias of unknown etiology, lymphoma, myeloproliferative neoplasms, and plasma cell myeloma in adult patients. Test recommendations were made for five clinical scenarios: initial diagnosis or other morphologically overt disease, lymphoma staging, monitoring during and after therapy without overt disease, evaluation prior to stem cell transplant (pre-SCT), and monitoring following transplant (post-SCT). The SOPs were reviewed, modified, and approved by the entire team of hematopathologists and hematologists at Vanderbilt.
New ordering procedures were instituted with two options: (1) DMT testing, in which tests were ordered by pathologists based on SOPs, patient history provided by clinicians, and preliminary examination of the specimen by microscopy and flow cytometry, and (2) non-DMT testing, in which hematologists ordered tests individually based on their clinical judgment. The DMT testing procedures were approved by the Vanderbilt University Medical Center Medical Board.
Test Utilization Analysis
This study was approved by the Institutional Review Board of Vanderbilt University. Test selection and results were evaluated for all adult bone marrows obtained 26 weeks prior and 52 weeks subsequent to DMT implementation (February 14, 2011). Medical records were examined to determine the following: diagnostic and clinical category, number and type of tests performed, and whether test results were positive (abnormal) or negative (normal). The examiners (A.C.S., A.S.K., C.A.M., and M.K.K.) also compared the tests ordered with the appropriate SOP and determined whether the tests were concordant (recommended) or discordant (not recommended) with SOPs and whether any recommended tests were omitted. The examiners were masked as to whether DMT or non-DMT testing procedures were followed. The data were collected into a REDCap database (http://redcap. vanderbilt.edu). 21 The outcome measures for this analysis were percent utilization of DMT protocols; total number of ancillary tests ordered per marrow, categorized as concordant and discordant with SOPs; and fraction of tests with positive results. DMT use was defined as the weekly fraction of specimens for which DMT testing was selected by the ordering clinician. In the analysis of discordant positive tests, redundant tests were defined as multiple tests of different modalities that detect the same abnormality. A potential false-positive test was defined as a test that was positive, usually at low levels, in the current bone marrow but negative in prior and/ or subsequent bone marrows.
Financial Analysis
Cost analysis was performed from a blended payer perspective (Medicare, Medicaid, and commercial insurance). The average reimbursement paid to Vanderbilt University Medical Center for each test was determined for Medicare. A multiplier was then used to arrive at the blended rate for all payers. The multiplier was based on the payer mix and contracted rates for pathology services at Vanderbilt. The cost per test was held constant across the entire period to control for any price fluctuations due to reimbursement changes. The cost of testing per sample was a summation of the average charges for each test ordered on that bone marrow.
National annual bone marrow volume was estimated using data from the National Cancer Institute Surveillance, Epidemiology and End Results database, 22 which indicated 145,173 new diagnoses of lymphoma, leukemia, and myeloma in the United States for 2009. This figure was multiplied by the ratio of annual bone marrow biopsies to new diagnoses at Vanderbilt (4.59) to estimate a national annual bone marrow volume of 666,000.
Clinician Survey
Thirty-four clinicians, including hematologists and nurse practitioners, were surveyed anonymously using a RedCap survey tool 21 to determine perceptions of DMT acceptance, value, and impact. Of these, 22 (65%) responded. Applicable survey statements and answers are listed in ❚Table 2❚.
Statistical Analysis
Our primary analysis plan was to model the number of discordant, concordant, and omitted bone marrow tests as a function of time, starting six months prior to the implementation of the DMT's SOPs and extending for the following year. We did this using a restricted cubic spline 5-knot linear autoregressive moving average (ARIMA) model. 23, 24 The location of the model knots were chosen as recommended by Harrell. 25 We used Akaike's information criterion (AIC) to compare each linear regression model with analogous first-order moving average, first-order autoregressive, and combined first-order autoregressive-moving average ARIMA models. 26 Our models all gave similar results, with the linear regression models having the lowest AIC. For this reason, the analyses presented here are based on multiple linear regression models with independent error terms. The fact that these models performed best is not surprising given that individual patients did not give multiple bone marrow samples over short periods, making the results on consecutive days independent of each other. We also evaluated models with individual covariates for each day of the week. The parameters for these covariates were not significantly different from zero, and adding these covariates did not improve the AIC values. For these reasons, these day-of-the-week covariates were dropped from further consideration. We also ran models with 4 and 6 knots. As judged by AIC values, the 4-knot model did not fit the data as well as the 5-knot model, and there was a trivial improvement associated with the 6-knot model. For this reason, we elected to use our 5-knot model. DMT, diagnostic management team; SOP, standard ordering protocol.
After we had started our analyses, we noticed that the number of patients per day undergoing bone marrow biopsies increased during the course of this study. To account for this increase, we included the daily bone marrow count in our model. In summary, our final models used multiple linear regression to regress the number of tests (discordant, omitted, etc) against 5-knot restricted spline covariates derived from the date of the bone marrow biopsy; these models were also adjusted for the number of patients biopsied each day.
We also used Poisson regression to compare the cost per patient in the six months prior to the DMT intervention with that obtained one year later. 23 A bias-corrected 95% confidence interval (CI) for the difference in the cost per patient in these intervals was estimated by bootstrapping. 27 Categorical data were compared using the Fisher exact test by GraphPad Prism (version 5; GraphPad Software, La Jolla, CA).
Results
Test Utilization
The hematopathology DMT is a multidisciplinary team of hematologists, hematopathologists, and biomedical informaticians that designed evidence-based SOPs to define appropriate cytogenetic and molecular test ordering for bone marrow biopsies (see Materials and Methods). Beginning with DMT implementation (February 14, 2011), clinicians performing bone marrow biopsies either ordered tests based on their clinical judgment (traditional, non-DMT testing) or ordered the DMT process requesting that the pathologist select tests based on the SOPs after initial examination of the specimen (DMT testing).
To establish a baseline, we analyzed bone marrow test utilization for six months prior to DMT implementation. During that time, 780 bone marrow tests were performed on adult patients at Vanderbilt University Medical Center, on which 2,919 cytogenetic and molecular tests were ordered. When compared with evidence-based SOPs, 1,885 (65%) were concordant and 1,034 (35%) were discordant with SOP recommendations. In addition, there were 307 omissions-tests recommended by the SOPs but not ordered.
Use of DMT testing was monitored for 52 weeks following implementation, including 1,806 adult bone marrows ❚Figure 1❚. Initial utilization was low; DMT testing was selected in only 13% of cases during the first five weeks. Utilization rapidly increased thereafter, with DMT testing averaging 84% of cases from weeks 10 to 52.
To assess the impact of the DMT approach on test utilization, we determined the number of discordant, omitted, and total tests during the year following implementation and compared them with preimplementation data ❚Figure 2❚.
There was a marked and highly significant decline in the number of discordant and omitted tests in the year following the implementation of the SOPs (P < .001 for both comparisons) (Figure 2A,B) . Direct comparison of the number of tests performed at the time of implementation (indicated by the vertical line) with that of one year later indicated highly significant decreases in both discordant (69%; 95% CI, 48%-90%; P < .001) and omitted (88%; 95% CI, 48%-128%; P < .001) tests. The total number of tests also varied significantly with time (P = .002) (Figure 2C ), decreasing 15% (95% CI, 5%-25%; P = .002) from 26.5 to 22.6 daily. Of note, perfect adherence to the SOPs would have resulted in 20.2 daily tests at the end of the first year. Thus, the decline in total tests was 60% of the potential reduction, assuming the SOPs represent ideal practice.
Financial Impact
To assess the effect of SOP implementation on testing costs, we estimated the expense to health care payers of the tests performed (see Materials and Methods). Testing cost varied significantly with time, similar to total tests ( Figure  2D ). The average cost per bone marrow in the six months preceding SOP implementation was $2,390, while the corresponding cost one year later was $1,948, a difference of $442 (95% CI, $290-$594; P < .001).
Based on our yearly institutional volume of approximately 1,800 adult bone marrow specimens, this represents a yearly savings to payers of $522,000 to $1,069,200. Extrapolation of these numbers to the estimated national annual bone marrow volume of 666,000 (see Materials and Methods) indicates an estimated national savings opportunity to payers of $191 to $392 million per year.
Validity and Refinement of SOPs
To evaluate the possibility that SOPs could exclude informative tests, causing clinically significant diagnoses to be missed, we determined the frequency of discordant tests with positive results. During the entire 18-month analysis period, 4.4% (103/2,341) of discordant tests were positive ❚Table 3❚. Of these, 60% (62/103) were considered redundant-that is, two tests for the same abnormality were both positive (see Materials and Methods). An additional 15% (15/103) were considered likely false-positive tests (see Materials and Methods), positive at low levels in the current bone marrow but negative on previous and/or subsequent samples from the same patient. The remaining discordant positive tests (1.1% of discordant tests) were new MDS-like karyotypic abnormalities 28 or true indicators of minimal residual disease in the absence of positive morphology, both of which may have potential clinical significance. A significantly higher fraction of concordant than discordant tests was positive (27.1% vs 4.4%; P < .001) ( Table  3) . As a consequence, the fraction of positive tests increased by one-third (17%-23%) from the pre-to postimplementation periods (P < .001). ❚Table 4❚ shows the percentage of positive concordant tests for each combination of diagnosis and clinical scenario. There is considerable variability in these values between different diseases and clinical scenarios. In fact, in several of these combinations (eg, BMF at all stages except post-SCT and myeloma pre-SCT), the positive test rate approached zero.
Clinician Response
The results of the anonymously returned clinician surveys are shown in Table 2 . Most agreed or strongly agreed that they trust the pathologist to order appropriate tests and trust the SOPs to recommend the correct tests (questions 1 and 2; 81% and 86%, respectively). Furthermore, given the option, most did not prefer to order ancillary tests themselves (question 3; 63%). Most also agreed that the DMT saves time for the ordering clinician and helps contain costs (questions 4 and 5; 86% and 50%, respectively). The estimated median time savings was 5 minutes per bone marrow procedure, with a range of 2 to 15 minutes. Finally, given the option, most would not prefer to return to clinician-based ordering (question 6; 91%).
Discussion
To address the diagnostic challenges faced by clinicians in the era of personalized medicine, we successfully designed and implemented a standardized strategy to guide the selection of cytogenetic and molecular diagnostic tests. The strategy included the development of evidence-based diagnostic algorithms (SOPs) designed by an interdisciplinary team (DMT). SOPs guided test selection throughout each patient's clinical course, leading to improved evidence-based test selection and more effective test utilization, resulting in estimated annual savings of $522,000 to $1,069,200.
The need for a standardized approach is evidenced by the analysis of pre-DMT ordering patterns, which showed that more than one-third of ordered tests were discordant with evidence-or best practice-based SOPs. Institution of SOP-based ordering procedures led to a significant decrease in discordant (69%) and total (15%) tests and increased the probability of positive results. This higher pretest probability reduces falsepositive tests, increasing positive predictive value. In fact, our analysis documented that 15% of discordant positive tests were likely false positives.
The decrease in total tests resulted in significant cost savings to payers. By ensuring that tests are properly ordered in the correct clinical setting, the DMT addresses the need to appropriately reduce health care costs. 7, 29 When applied nationally, our results predict total annual savings estimated at $191 to $392 million. This value is likely to rise as spending on molecular testing is predicted to markedly increase in coming years. 30 Preimplementation analysis also documented omission of recommended tests in many cases, which was markedly reduced (88%) by DMT procedures. These tests are recommended based on their demonstrated utility in facilitating diagnosis, prognosis, monitoring, and therapy. Thus, the inclusion of these previously omitted tests has potential for a positive impact on patient care.
The SOPs were designed using published evidence and guidelines when available. However, for many of the decisions, no evidence or guidelines were available. In those cases, we relied on the experience and judgment of those designing the SOPs. Thus, the possibility that SOPs could exclude informative tests, causing loss of clinically significant data, was a major concern. However, our analysis demonstrated that only 1% of discordant tests provided potentially useful clinical information, indicating that SOPs were nearly always accurate in defining which tests were clinically useful. It is important to note that participation in the DMT was optional. For each bone marrow specimen, clinicians were allowed to choose between DMT testing and traditional non-DMT ordering. This decision was made for two reasons. First, while the SOPs were designed to be as comprehensive as possible, we recognized that they could not cover every conceivable clinical situation and that there would be situations when clinicians need to order tests "off protocol" for best patient care. Second, since teamwork was an important element of the DMT, we believed that there would be broader acceptance if SOPs were not mandated. The high utilization rate and positive clinician survey data appear to support this decision.
One limitation to our study is the lack of concurrent controls or randomized assignment to the DMT utilization. A second limitation is the lack of patient outcome and long-term follow-up data. Efforts to access the impact of our changes on patient survival and quality of life are ongoing. Finally, the analyses were based on the ordering practices and payer characteristics at Vanderbilt University. While it is likely that these practices are common throughout the country, the impact of DMT procedures may vary by location.
The DMT serves as a model for optimizing complex diagnostic testing-a model that improves quality and reduces the cost of care. This report describes the development and implementation of evidence-based testing algorithms that were facilitated by a team approach to diagnosis and management of hematologic malignancies. It demonstrates that such an approach can improve test utilization, reducing unnecessary tests and ensuring the correct tests are ordered for each patient. In the process, costs are reduced and the probability that testing will produce clinically useful information is increased. This approach also improves communication between the pathologists and oncologists and allows oncologists to spend more time treating patients rather than ordering tests. The effort described here was focused on hematologic malignancies; however, the application of this process is broadly applicable in a wide range of clinical scenarios. The data presented here confirm the role of the DMT approach in supporting the expansion of affordable, personalized medicine. An additional benefit of the DMT process is the opportunity for continuous refinement and improvement of SOPs and DMT function. As indicated above, for some testing decisions, there was little or no evidence or consensus from published literature and guidelines. The DMT addresses this deficiency through the continuous collection of testing data, which can then be analyzed to provide evidence needed to further refine the SOPs. For example, Table 4 demonstrates that some tests performed in particular combinations of disease and clinical setting were never or very rarely positive (eg, BMF at diagnosis, follow-up, and pre-SCT or myeloma at pre-SCT), suggesting that these tests may also be unnecessary and could be eliminated with no impact on patient diagnosis.
Ideally, the SOPs could be revised on a regular basis to address these issues as well as to accommodate new tests and other advances in diagnostic standards of care. In this way, the DMT serves as a rapid learning system, a patient-centered approach to health care transformation that uses health information technology to capture diagnostic and outcome data in real time and in ordinary clinical practice. 31, 32 These data are rapidly analyzed for new insights that then can be applied to improve subsequent patient care. Through repeated iteration, this allows the system to continuously "learn" better clinical practices. Following this model, with each successive revision, the SOPs would become increasingly accurate and efficient. In addition, this process would help physicians in keeping pace with advances in diagnostic tools.
The success of algorithm-guided diagnostic testing resulted from three factors. First, implementation of standardized, evidence-based guidelines promoted uniform and judicious use of complex cytogenetic and molecular tests. Second, this was a team-based approach encompassing planning, algorithm development, and implementation with collaboration among pathologists, clinical hematologists, and informatics experts, with equal input and responsibility. This promoted trust and communication between clinicians and pathologists, leading to acceptance and utilization. This is evidenced by the increasingly high fraction of bone marrows in which DMT testing was used ( Figure 1 ) and survey data indicating broad acceptance of SOPs and DMT procedures by clinicians (Table  2) . Of note, nearly all of the responding clinicians indicated a preference for the DMT procedures over traditional test ordering. This finding is particularly significant since one might expect some clinicians to be hesitant to relinquish control over diagnostic test ordering. Third, DMT procedures delayed the test-ordering decision until after initial morphologic and flow cytometric examination of the bone marrow aspirate (see Materials and Methods). This narrowed the differential diagnosis and allowed more accurate categorization of disease and clinical status prior to test selection. Similar elements were described as key predictors of success in other reports on the use of clinical decision support. 8 
